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DNA damage to the germline genome must be accu-
rately repaired to ensure transmission of intact
genetic information to following generations. Meiosis
presents challenges to the DNA damage response
(DDR) because it universally requires changes to
chromosome structure that can affect DNA repair
outcomes. We report the existence of a meiotic
DDR at chromosome axes that results in chromatin
remodeling, synaptonemal complex disassembly,
and axis separation in response to irradiation at late
pachytene stages in C. elegans. The axis component
HTP-3 is required for germline acquisition of
H2AacK5, an axis-specific chromatin mark that is
DNA damage responsive. Irradiated wild-types
show reduction of H2AacK5 and axis separation
that are dependent on the acetyltransferase MYS-1/
TIP60. Restoration of H2AacK5 levels requires
ATM-1 kinase and correlates with resynapsis. We
propose that the meiotic DDR involves early chro-
matin remodeling at chromosome axes to dismantle
structures promoting interhomolog recombination
and facilitate efficient nonhomolog-based repair
before pachytene exit.
INTRODUCTION
Meiosis is a series of two specialized cell divisions essential for
the successful transmission of an intact genome to the next
generation, yet it also generates genetic diversity through
genetic recombination between parental chromosomes. Meiotic
recombination is initiated by the introduction of programmed
DNA double-strand breaks (DSBs) by the widely conserved
SPO11 topoisomerase (reviewed by Keeney and Neale, 2006);
repair of programmed meiotic DSBs proceeds through homolo-
gous recombination (HR) and makes use of many of the enzy-
matic activities required for HR-mediated repair of unexpected
mitotic DNA damage. However, whereas mitotic recombination
occurs preferentially between sister chromatids, programmed
meiotic DSB repair exhibits a strong bias toward the homolog
as a repair template, thereby facilitating the formation of the
crossovers (COs) between homologs that promote their correctDevelosegregation at the first meiotic division (reviewed by Cole et al.,
2010). Studies of meiosis in diverse organisms have collectively
revealed that meiotic chromosome morphogenesis is a major
regulator of meiotic recombination and CO formation (reviewed
by Zickler and Kleckner, 1999). Replicated meiotic chromatin is
organized about a proteinaceous axis that supports the polymer-
ization of the synaptonemal complex (SC) between two homolo-
gous chromosome pairs. Chromosome axis components have
been found to function in meiotic DSB formation in organisms
as diverse as Schizosaccharomyces pombe (Lorenz et al.,
2006), Caenorhabditis elegans (Goodyer et al., 2008), and mice
(Kumar et al., 2010), and DSB repair complexes have been
widely observed to be in close proximity to axes (reviewed by
Kleckner, 2006), suggesting that meiotic DSB formation and
repair are spatially regulated to take place in the context of chro-
mosome axes. Axis components also function in CO formation
once meiotic DSBs have formed by promoting their repair with
the interhomolog pathway. In budding yeast this interhomolog
bias is at least in part established through activation of the
ATM/ATR-related kinases Mec1/Tel1, which in turn phosphory-
late the axis component Hop1, leading to activation of the
Mek1 effector kinase and inactivation of Rad54, which is
required for sister chromatid recombination. (Carballo et al.,
2008; Niu et al., 2009). Loss of Mec1/Tel1-mediated Hop-1
phosphorylation results in repair of meiotic DSBs via the inter-
sister pathway, leading to decreased interhomolog recombina-
tion and spore inviability (Carballo et al., 2008). In contrast the
orthologous C. elegans kinases ATM-1/ATL-1 are dispensable
for meiotic prophase events (Garcia-Muse and Boulton, 2005),
indicating that the interhomolog bias during meiotic DSB repair
is established by an alternative mechanism. Instead, the results
of a number of studies can collectively be explained by the
hypothesis that meiotic chromosome axis structure contributes
to a barrier to sister chromatid recombination (BSCR) that oper-
ates during much of meiotic prophase and is alleviated prior to
pachytene exit (reviewed by Lemmens and Tijsterman, 2011).
Axis components are also globally required for SC formation,
a structure widely linked with CO formation: in the absence of
SC, COs fail to form in C. elegans and Drosophila melanogaster,
and are drastically reduced in Saccharomyces cerevisiae (re-
viewed by Colaia´covo, 2006). Consequently, meiotic chromo-
somes are organized to facilitate repair of meiotic DSBs using
the interhomolog pathway that can generate COs, and chromo-
some morphogenesis and recombination are coordinated to
culminate in CO formation before the end of the pachytene stage
of meiotic prophase. However, little is known about how thepmental Cell 20, 353–363, March 15, 2011 ª2011 Elsevier Inc. 353
Figure 1. H2AacK5 Is an Axis-Specific and HTP-
3-Dependent Chromatin Mark that Is Removed
following DNA Damage
Immunofluorescence micrographs of late pachytene
nuclei from germlines of the indicated genotypes showing
H2AacK5 and HTP-3 colocalization at chromosome axes.
H2AacK5 is not detectable in htp-3(tm3655) null mutants,
whereas H2AacK5 signal intensity is reduced in htp-3
(vc75) mutants and in 2-hr post-IR wild-type nuclei in
comparison to unirradiated controls. At 4 hr post-IR,
H2AacK5 signal is restored to wild-type-like. H2AacK5
levels are not detectably different in mys-1(n4075) null
mutants in comparison to wild-types, and levels fail to
be reduced at 2 hr post-IR. Scale bar, 4 mm.
See also Figures S1–S3.
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Repair of DNA Damage during Meiosisgenome is protected from the accumulation of mutations that
arise from unexpected DNA damage in the face of the meiotic
mechanisms that exist to constrain HR-mediated repair to the
interhomolog pathway.
In all eukaryotes the accessibility of specific genomic regions
is regulated by altering chromatin structure through reversible
posttranslational modifications (PTMs) of histones, chromatin
remodeling through changes in nucleosome number and posi-
tion via ATP-dependant enzymatic complexes, and the replace-
ment of some core histones by histones variants. Because DNA
damage occurs in the context of chromatin that can interferewith
DSB sensing and repair, the modification of chromatin structure
is essential to the DNA damage response (DDR), although the
functional significance of individual alterations and their interplay
during the response is not fully understood (reviewed by Downs
et al., 2007; Zhu and Wani, 2010). Once DSB sensing has
occurred, HR-mediated DSB repair requires the binding of
a conserved series of repair factors followed by modifications
to histones in the vicinity of the break. Inmammals the conserved
MRE11/RAD50/NBS1 (MRN) complex binds to the DSB ends,354 Developmental Cell 20, 353–363, March 15, 2011 ª2011 Elsevier Inc.followed by recruitment and activation of the
ATM kinase, which phosphorylates the histone
2 variant H2AX to generate gH2AX (reviewed
by Lisby and Rothstein, 2009). This chromatin
mark in turn results in amplification of the signal
through a positive feedback loop and the
recruitment of the downstream effectors of the
HR pathway, including BRCA1, CtIP, and
RAD51. Although the checkpoint and repair
proteins are conserved in C. elegans (Garcia-
Muse and Boulton, 2005), to our knowledge,
noH2A variant whose phosphorylation is central
to DSB signaling in other systems has yet been
identified in this organism.
Our study reveals ameiotic DDR that includes
axis-specific chromatin remodeling, SC disas-
sembly, and separation of chromosome axes.
These observations reveal that the SC itself is
a dynamic structure, and suggest a model in
which axis-specific chromatin remodeling and
SC disassembly following DNA damage may
function to preserve genomic integrity by facili-
tating efficient repair with the sister chromatidand restoring the intact germline genome before exit from
meiotic prophase.
RESULTS
HTP-3 Is Required to Establish Chromatin Marks
Associated with Meiotic Chromosome Axes
The establishment of a meiotic chromosome structure in
C. elegans requires the axis component HTP-3; loss of the
protein abrogates meiotic DSB formation, a failure to load all
other known axis and SC components, and sister chromatid
cohesion defects (Goodyer et al., 2008; Severson et al., 2009).
Because HTP-3 localizes to premeiotic chromatin (Goodyer
et al., 2008), the possibility that HTP-3 functions in chromatin
structure was investigated by examining histone PTMs in htp-3
mutants. We observed that htp-3(tm3655) null mutants (Sever-
son et al., 2009) are defective in the acquisition of H2AacK5
and H2BacK5 throughout the germline but remain competent
for acquisition of H4acK5, H3acK9, H3me3K9, and H3meK27
(Figure 1; see Figure S1 available online). Furthermore, the
Figure 2. Chromosome Axis Separation in htp-3(vc75) Mutants and
Irradiated Wild-Type Germlines
Immunofluorescence micrographs of late pachytene nuclei from germlines of
the indicated genotypes. Both unirradiated htp-3(vc75) mutant germlines and
irradiated wild-type (WTg, 75 Gy) germlines exhibit separated but aligned
chromosome axes (HTP-3 marked); magnification of indicated area (white
square) is shown in the right column. Arrow in htp-3(vc75) indicates an interho-
molog junction. InWTg themost frequent phenotype is a bubble-like structure,
whereas in htp-3(vc75)gmutant nuclei, the separation of the axes is extensive
and forms long tracts. In both control and irradiated mys-1 (n4075) mutant
germlines, no separated axes were detectable; however, following IR, HTP-3
localization was discontinuous in some nuclei, suggestive of chromosome
fragmentation. Scale bar, 4 mm.
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specific localization to meiotic chromosome axes in wild-type
germlines throughout prophase, whereas the HTP-3-indepen-
dent marks (H4acK5, H3acK9, H3me3K9, and H3meK27)
localized throughout the chromatin of meiotic chromosomesDevelo(Figure S1). H2AacK5 localization relative to HTP-3 was exam-
ined spatiotemporally in the germline; colocalization of the two
axis markers initiates at leptotene-zygotene when axes are form-
ing (Figure S2) and then remains high throughout pachytene.
Although detectable in premeiotic nuclei, H2AacK5 does not
exclusively colocalize with HTP-3 (Figure S2).
We next examined htp-3(vc75) missense mutants (Gilchrist
et al., 2006), which show no detectable defects in HTP-3 expres-
sion or localization in comparison to wild-type germlines. htp-3
(vc75) mutants exhibit none of the embryonic lethality or high
incidence of males phenotype associated with meiotic defects
(Hodgkin et al., 1979), and six DAPI-stained bodies representing
the six homolog pairs joined by chiasmata are invariably present
in diakinesis nuclei (data not shown). Synapsis, as evidenced
by the timely appearance of the SC central region component
SYP-1 (MacQueen et al., 2002), and recombination, as evi-
denced by the appearance of RAD-51-marked recombination
intermediates (Colaia´covo et al., 2003), proceed with wild-type
initiation and kinetics in htp-3(vc75) mutants (data not shown).
No increase in apoptotic corpses at late pachytene could be
detected in htp-3(vc75) mutants (mean number 2.52 versus
3.36 in wild-types; p = 0.29), collectively indicating that the
DNA damage and synapsis checkpoints are not activated (Gart-
ner et al., 2000; Bhalla and Dernburg, 2005). In htp-3(vc75)
mutants, H2AacK5 localized to chromosome axes in a wild-
type pattern; however, it appeared at reduced levels (Figure 1),
indicating a defect in HTP-3vc75 function with respect to estab-
lishing appropriate levels of this histone modification at meiotic
chromosome axes.
Because htp-3 is required for all major meiotic processes
(Goodyer et al., 2008); Severson et al., 2009), we investigated
the possibility that H2AacK5 represents a mark associated
with these events, rather than with HTP-3 itself. Wild-type-like
levels of H2AacK5 are detectable in him-3(gk149) mutants
defective in SC formation (Couteau et al., 2004), in spo-11 germ-
lines in which no meiotic DSBs are initiated (Dernburg et al.,
1998), and in rec-8 mutants defective in REC-8-mediated sister
chromatid cohesion (Severson et al., 2009) (Figure S3). These
results collectively demonstrate that HTP-3-dependent meiotic
chromosome morphogenesis includes the modification of chro-
matin structure specifically at chromosome axes through the
acquisition of H2AacK5.
Chromosome Axis Separation in htp-(vc75) Mutants
and Irradiated Wild-Type Late Pachytene Nuclei
Despite the normal initiation and progression of meiotic events in
htp-3(vc75) mutants, detailed examination of HTP-3 localization
revealed sporadic separation of chromosome axes in otherwise
synapsed chromosomes in which the individual signal from the
two axes could not be resolved (Figure 2); axis separation could
be detected in nuclei of the pachytene region in approximately
30% of htp-3(vc75) mutant germlines but was rarely observed
in wild-type germlines (Figure 3A). Furthermore, similar numbers
of htp-3(vc75)/+ heterozygotes exhibited the axis separation
phenotype, suggesting that association of HTP-3vc75 with chro-
mosomes dominantly triggers this event (Figure 3A). We next
investigated if the spontaneous axis separation observed
throughout pachytene in htp-3(vc75) mutants was a conse-
quence of meiotic DSB formation by examining htp-3(vc75);pmental Cell 20, 353–363, March 15, 2011 ª2011 Elsevier Inc. 355
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Figure 3. Time Course Analysis of Axis Separation in the Germlines
of Control and Irradiated Mutants
Germlines of the indicated genotypes were assessed for nuclei at early, mid,
and late pachytene stages exhibiting separated axes, as visualized by
anti-HTP-3 staining; a pachytene region of a germline was determined to be
positive for axis separation if more than four nuclei showed the phenotype
(Experimental Procedures).
(A–C) Schematic of percentages of germlines positive for axis separation
phenotype in early, mid, and late pachytene regions. All results falling into
the different percentage classes are statistically different, based on Fisher
test analysis (p < 0.05), whereas all results falling into one class are statistically
not different (N = number of germlines assessed).
(A) Analysis of wild-type and htp-3(vc75) irradiated (2 hr post-IR, 75 Gy) and
control germlines.
(B) Analysis of mutants defective in meiotic HR. Although appearing in
a different category, the number of Brc-1 (19.3%; p = 0.33) germlines exhibit-
ing separated axes in late pachytene nuclei, respectively, was not statistically
different from wild-types (shown by diamond) but is statistically different from
htp-3; brc-1 double mutants.
(C) Analysis of irradiated mutant germlines at 2 hr post-IR (75 Gy). Stars indi-
cate germlines showing chromosome fragmentation: one of 40 and two of
40 in early and late pachytene, respectively, for unirradiated Mys-1 germlines,
and two of 24 and seven of 24 in mid and late pachytene, respectively, for irra-
diated Mys-1 germlines.
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formed (Dernburg et al., 1998). No difference in the frequency
of appearance of the axis separation phenotype could be
detected in comparison to htp-3(vc75) control germlines in early
and mid pachytene (p = 0.6 and p = 1, respectively; Figure 3B),
indicating that axis separation in htp-3(vc75) mutants is not356 Developmental Cell 20, 353–363, March 15, 2011 ª2011 Elseviera consequence of meiotic DSB formation. However, a slight
decrease in the number of germlines exhibiting axis separation
at late pachytene was observed in htp-3(vc75); spo-11 mutants
in comparison to htp-3(vc75) controls (p = 0.01), suggesting
that unrepaired meiotic DSBs may contribute to the axis separa-
tion observed at late pachytene in htp-3(vc75)mutants. To inves-
tigate the possibility that axis separation is linked to the presence
of DSBs, exogenous DSBs were introduced by irradiating htp-3
(vc75) mutants with 75 Gy, a relatively high dose in comparison
to the 5 Gy sufficient to restore CO formation in mutants defec-
tive in meiotic DSB formation (Dernburg et al., 1998). Irradiation
(IR) substantially enhances the axis separation phenotype of
htp-3(vc75) mutants; the number of germlines exhibiting the
phenotype increases (Figure 3A), more chromosome pairs
show separation, and separated stretches lengthen (Figure 2).
Importantly, axis separation also occurs in the nuclei of irradiated
wild-type control germlines (Figures 2 and 3A), suggesting that
this phenomenon is linked to the DDR. A time course analysis
of the IR-induced axis separation revealed that wild-type germ-
lines exhibiting the phenotype could first be detected 1 hr post-
IR (six of 36 gonads), peaked in number after 2 hr (28/90 gonads),
diminished after 3 hr (nine of 36 gonads), and were markedly
reduced by 4 hr (three of 36 gonads), suggesting that axis sepa-
ration is induced by the presence of exogenous DSBs and is
reversible. Furthermore, whereas axis separation in htp-3(vc75)
mutants occurred spontaneously in early, mid, and late-stage
pachytene nuclei with a similar frequency, in irradiated wild-
type germlines it was limited to late-stage pachytene nuclei
(Figure 3A).
Homolog Separation Follows SC Disassembly
from Structurally Intact Axes
The separated axes observed in the pachytene nuclei of htp-3
(vc75) mutants maintain a remarkably constant distance
(0.39 ± 0.07 mm; n = 40), regardless of the length of separation
along the chromosome or the marker used to visualize the
axes (HTP-3 or HIM-3), and the separated axes of irradiated
wild-type germlines exhibited similar constancy (data not
shown). Although this distance meets the cytological criteria
for paired homologs, it is incompatible with synapsis (Dernburg
et al., 1998) and suggests loss or disassembly of the SC in
regions of axis separation. To investigate this possibility we
examined the localization of the SC central region component
SYP-1 (Colaia´covo et al., 2003); in variable numbers of nuclei
throughout the pachytene region of htp-3(vc75) mutant germ-
lines, SYP-1 could not be detected on separated axes, despite
the fact that it remained localized to synapsed regions of the
same chromosome and to the synapsed chromosomes of the
majority of pachytene nuclei (Figure 4A). In cases of extensive
axis separation involving multiple chromosomes in the same
nucleus, SYP-1 is not detectable on chromosomes and, instead,
localizes diffusely throughout the nucleoplasm, suggesting that
a threshold level of separated axes correlates with global SC
disassembly in a nucleus-autonomous manner (Figure 4B). We
could detect no temporal pattern to the loss of SYP-1 localization
that would indicate restriction of the response in htp-3(vc75)
mutants to a particular stage of pachytene (i.e., early versus
late pachytene), and the observations that mutants show no
increase in germline apoptosis suggest that separatedInc.
Figure 4. SC Dynamics in Response to IR
(A) Immunofluorescence micrographs of pachytene nuclei from htp-3(vc75)
mutant germlines costained with HTP-3 (axes) and SYP-1 (SC), or HIM-3 or
REC-8 (axes). SYP-1 is not detectable on separated axes (arrowhead) but
colocalizes with synapsed flanking regions aswell as other chromosomepairs.
HIM-3 and the meiosis-specific REC-8 cohesin subunit are both detectable on
separated axes (arrow and arrowhead, respectively). Similar observations
were made in irradiated wild-type germlines (data not shown).
(B) Unirradiated htp-3(vc75) late pachytene nuclei showing extensive separa-
tion of the axes; SYP-1 signal is largely displaced to the nucleoplasm, although
it still remains detectable on some chromosome regions. SC disassembly and
axis separation are nucleus autonomous because SYP-1 is localized appropri-
ately to synapsed chromosomes in some nuclei (arrowheads).
(C) Temporal progression of wild-type irradiated (75 Gy) and control nuclei
through the late pachytene region (75 Gy) showing nuclei after entering
the late pachytene region (left) and the last nuclei before entry into diplotene
(right). In unirradiated nuclei (top panel), SC (SYP-1) components colocalize
with axis (HTP-3) components throughout. In irradiated germlines (bottom
panel), earlier-stage nuclei show diffuse and nucleoplasmic SYP-1 localization
indicative of SC disassembly (arrowhead) before HTP-3-marked axis
separation (arrowhead) becomes detectable in later-stage nuclei. Scale
bars, 4 mm.
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Develochromosome axes are ultimately resynapsed before they reach
the synapsis checkpoint window at late pachytene (Bhalla and
Dernburg, 2005).
Because nuclei in the C. elegans germline are organized in
a spatiotemporal manner, we next investigated the temporal
relationship between axis separation and SC disassembly in
irradiated wild-type nuclei at the mid-late pachytene transition.
The loss of SYP-1 from chromosomes and the appearance of
diffuse nuclear SYP-1 staining immediately preceded the
detectable appearance of separated axes (Figure 4C), suggest-
ing that SC disassembly is a primary event in the response to IR
and that axis separation is its practical consequence. Given that
the assembly of the meiotic chromosome axis is an essential
prerequisite to SC polymerization between paired chromo-
somes, we investigated the possibility that IR-induced or
HTP-3vc75-induced SC disassembly is caused by loss of axis
components known to be required for synapsis: REC-8,
a meiosis-specific component of the cohesin complex required
for sister chromatid cohesiveness (Pasierbek et al., 2001; Sever-
son et al., 2009), and HIM-3, a meiosis-specific paralog of HTP-3
that requires the latter for recruitment to axes (Zetka et al., 1999;
Goodyer et al., 2008). Both REC-8 and HIM-3 could be detected
on separated chromosome axes in htp-3(vc75)mutants and irra-
diated wild-types (Figure 4B; data not shown), suggesting that
HTP-3vc75 and IR-induced events can trigger controlled SC
disassembly without gross disruptions to meiotic chromosome
axis structure.ATM-1 andMRE-11 Are Dispensable for Axis Separation
following IR
Given the observation that DNA damage induces chromosome
axis separation, we investigated the requirement for conserved
DNA damage signaling and repair factors in this process: the
checkpoint kinase ATM-1 that is dispensable for meiotic
processes and essential for IR-induced DSB repair (Boulton
et al., 2002; Garcia-Muse and Boulton, 2005); and the HR
component MRE-11 that is required for both meiotic recombina-
tion and DSB repair (Chin and Villeneuve, 2001). Although
unirradiated atm-1(gk186) and mre-11(ok179) controls show no
significant differences from wild-types in the appearance of the
separated axes phenotype (Figure 3B; data not shown), both
mutants exhibited high frequencies of germlines with extensive
axis separation in response to IR-induced DSB formation (Fig-
ure 3C); in the case of irradiated atm-1 mutants, more than
50% of the germlines exhibited axis separation that was detect-
able in the vast majority of the nuclei. These results demonstrate
that ATM-1 and MRE-11 are not required to trigger DNA
damage-induced axis separation, consistent with the interpreta-
tion that HTP-3-mediated axis separation is an independent and/
or earlier event in the meiotic DDR. However, in the absence of
atm-1 or mre-11, axis separation following IR is not restricted
to late pachytene stages as it is in wild-type controls but is
detectable in a high percentage of nuclei in early, mid, and late(D) Late pachytene nuclei in atm-1 mutants at 2 and 4 hr post-IR (75 Gy) and
wild-type controls. atm-1 mutants show extensive SC disassembly at both
time points, whereas in wild-type controls, most nuclei showed full tracks of
SYP-1 at 4 hr post-IR (compare to 2 hr post-IR in C).
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Figure 5. H2AacK5 Is Reversibly Removed from
Chromosome Axes following IR
Box plot diagram representing the distribution of HTP-3/
H2AacK5 colocalization scores in late pachytene nuclei
in unirradiated controls (CTL) and at two different time
points following IR (2 and 4 hr). Horizontal lines in the
boxes represent the median; upper and lower limits of
the box are the 25th and 75th quartiles. Vertical lines repre-
sent lowest and highest point values. The number of nuclei
analyzed for each sample (CTL, g+2h, g+4h) are: wild-
types (78, 79, 83); htp-3(vc75) (112, 111, 121); atm-1 (64,
57, 93); and mys-1 (53, 55, 51). htp-3(vc75) germlines are
competent for IR-induced redeposition of H2AacK5 at
the axes and are not radiosensitive (data not shown), sug-
gesting that DNA repair is functional. Diamonds and stars
indicate two groups of statistically similar distributions.
See also Figures S4 and S5.
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is likely to reflect the known requirement for ATM-1 and MRE-11
in the repair of IR-induced DSBs and suggests that axis separa-
tion persists in pachytene-stage nuclei in the presence of unre-
paired DSBs.Reversible Reduction of H2AacK5 Levels at Meiotic
Axes in Response to DNA Damage
Because the separated axis phenotype present in htp-3(vc75)
mutant germlines mimics the behavior of irradiated wild-type
germlines, we tested the hypothesis that the reduction of
H2AacK5 observed in htp-3 mutants is also a mark of damaged
chromatin by scoring the H2AacK5/HTP-3 Pearson’s colocaliza-
tion coefficient in wild-type late pachytene nuclei irradiated with
75 Gy at different time points (Experimental Procedures and Fig-
ure S4). IR resulted in a reversible decrease in H2AacK5 levels at
the axes (Figure S5); H2AacK5 was detectably reduced at the
axes as early as 30 min after IR and maximally reduced 2 hr
following IR (0.54 ± 0.08, n = 79), a significant decrease in
comparison to unirradiated controls (0.67 ± 0.04 n = 78; p <
0.001). H2AacK5/DAPI colocalization coefficients also signifi-
cantly decrease following IR (data not shown), indicating that
the decrease in the H2AacK5/HTP-3 coefficient following IR is
not a consequence of an increase in HTP-3 at axes, and consis-
tent with loss of H2AacK5 from axis locations rather than redis-
tribution to non-axis chromatin.
A comparison of H2AacK5 levels in early and mid pachytene
nuclei versus late pachytene nuclei in the same irradiated germ-
line revealed that IR-induced changes to H2AacK5 levels are
restricted to late pachytene. In early pachytene nuclei the
average H2AacK5/HTP-3 colocalization score was 0.70 ± 0.04
(n = 53) in irradiated germlines and 0.68 ± 0.05 (n = 75) in unirra-
diated controls (p = 0.8), whereas in mid pachytene nuclei the
average colocalization score was 0.64 ± 0.07 (n = 41) in irradiated
germlines and 62 ± 0.06 (n = 54) in controls (p = 1). These data
collectively indicate that both the IR-inducible chromatin
response and IR-inducible axis separation are restricted to late
pachytene in wild-type germlines. At 4 hr post-IR, H2AacK5
levels in late-pachytene stage nuclei were restored to scores
(0.62 ± 0.07, n = 83) that approximate those observed in unirra-
diated nuclei (Figures 1 and 5; Figure S4). The restoration of
colocalization scores at 4 hr could be explained by the migration358 Developmental Cell 20, 353–363, March 15, 2011 ª2011 Elsevierof mid pachytene nuclei nonresponsive at the time of IR into the
late pachytene region during the 4 hr following IR; however,
a wholesale replacement of the late pachytene population is
unlikely because progression from mid to late-stage pachy-
tene/diplotene is estimated to take 24 hr (Jaramillo-Lambert
et al., 2007). To address the possibility that the migration of
a subpopulation was responsible for the increase in overall late
pachytene colocalization scores, we quantified HTP-3/
H2AacK5 colocalization in two subsets of late pachytene nuclei
(representing the distal and proximal halves) at this time point;
a comparison of the colocalization scores of the two subsets
of nuclei revealed no significant difference in HTP-3/H2Aack5
colocalization scores between the two bins (p = 0.97, Mann-
Whitney U two-tailed). These results suggest that the increase
in H2AacK5 levels appearing at this time point is not a conse-
quence of the migration of nonresponsive nuclei into the late
pachytene region and is most simply explained by reversible
loss of the modification in response to IR. Furthermore, the
colocalization score in wild-type germlines 2 hr following IR
(0.54 ± 0.08, n = 79; p = 0.53) was similar to the score observed
in late pachytene nuclei of htp-3(vc75) mutant germlines (0.56 ±
0.04, n = 112) (Figure 5), suggesting that htp-3(vc75) mutants
mimic irradiated wild-types in both the level of H2AacK5 at the
axes and the presence of nuclei with separated axes. These
results demonstrate that H2AacK5 is an HTP-3-dependent
axis-specific marker that is reversibly removed in response to
IR-induced DSBs at late pachytene, and that reduced
H2AacK5 levels in htp-3(vc75) mutants and in irradiated wild-
types correlate with the presence of separated axes.MYS-1/TIP60 Links IR-Induced Chromatin Remodeling
with Axis Separation at Late Pachytene
The mammalian histone acetyltransferase TIP60 is part of
a conserved multisubunit complex that acetylates H2A and
some variants at lysine 5 (Kimura and Horikoshi, 1998), and we
investigated the role of the nematode ortholog MYS-1 in the
acquisition of H2AacK5 in the germline. mys-1(RNAi) by several
techniques reproducibly recapitulated the sterility (Experimental
Procedures; data not shown) associated with the predicted null
mys-1(n4075) deletion allele (Ceol and Horvitz, 2004) and other
mys-1(RNAi) experiments (e.g., Updike and Mango, 2006).
However, in contrast to a recent report (Wagner et al., 2010),Inc.
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germlines in comparison to wild-types (Figure S3; data not
shown), and we next examined n4075 deletion homozygotes.
Although diakinesis-stage nuclei could rarely be detected in
mys-1 mutants, meiotic prophase progression appeared largely
unaffected (data not shown); HTP-3 localizes to meiotic chromo-
somes on time and in a wild-type manner, and paired chromo-
somes are evident in nuclei throughout the pachytene region of
the germline (Figures 1 and 2; data not shown). H2AacK5
appeared at meiotic chromosome axes at wild-type-like levels
inmys-1mutant germlines, indicating that MYS-1 is not required
for the initial acquisition of this PTM in this compartment.
However, following IR, H2AacK5 levels were not reduced at
axes in late pachytene nuclei at 2 hr or even 4 hr post-IR in
comparison to irradiated wild-type nuclei at the same time point
(Figure 5), indicating that mys-1 is required for H2A dynamics
following DNA damage. Consistent with the observation that
loss of H2AacK5 correlates with axis separation, irradiated
mys-1 mutants showed no increase in germlines exhibiting axis
separation above unirradiated wild-type or Mys-1 controls,
indicating that mys-1 is required for IR-induced axis separation
(Figure 3). Furthermore, we also observed the appearance of
nuclei with discontinuous tracts of HTP-3 and DAPI staining in
later-stage pachytene nuclei (Figures 2 and 3), consistent with
chromosome fragmentation. The fact that these appeared at
low levels in unirradiated Mys-1 controls and at high levels in
irradiated germlines is suggestive of a requirement for mys-
1-mediated remodeling during meiotic and IR-induced DSB
repair, and of a conserved function for MYS-1/TIP60 in DNA
repair (Ikura et al., 2000, 2007).
Restoration of H2AacK5 Levels Requires ATM-1
and Coincides with SC Reassembly
Because ATM-1 is required for the repair of exogenous IR-
induced DSBs in the germline (Boulton et al., 2002; Stergiou
and Hengartner, 2004), we next examined the correlation
between ATM-1-mediated DNA repair and H2AacK5 dynamics
following IR. The HTP-3/H2AacK5 colocalization scores of
late-pachytene stage nuclei in unirradiated atm-1 mutant are
not statistically different from wild-type (0.69 ± 0.04, n = 66
versus 0.67 ± 0.04, n = 78), indicating that ATM-1 is not required
for establishing appropriate levels of the modification at the axes
(Figure 5). At 2 hr post-IR, atm-1 mutants show a decrease in
H2AacK5 levels (0.55 ± 0.06, n = 57) in the range of the reduction
observed in irradiated wild-type controls at this time point (0.54 ±
0.08, n = 79; p = 0.87), indicating that the chromatin response to
exogenous DNA damage is functional in the absence of ATM-1.
However, whereas irradiated wild-type germlines show a resto-
ration of H2AacK5 levels at 4 hr post-IR, atm-1mutant germlines
fail to do so, and colocalization scores are even more reduced in
comparison to the scores observed at 2 hr post-IR (0.50 ± 0.07,
n = 93; p = 0.0002). These results demonstrate that late-pachy-
tene germ cells require ATM-1 activity for the reestablishment of
the pre-irradiated chromatin state, consistent with the interpre-
tation that DNA repair facilitates restoration of the chromatin to
its original configuration. To investigate if DNA repair also corre-
lates with reestablishment of synapsis, we examined wild-type
and atm-1 mutant germlines at 2 and 4 hr post-IR for SC disas-
sembly, as assessed by diffuse SYP-1 staining. In wild-types,Develo29.2% (n = 48) of irradiated germlines showed SC disassembly
at late pachytene 2 hr post-IR in comparison to 8.3% (n = 36)
at 4 hr post-IR, indicating a significant decrease in-between
the two time points. In the case of atm-1 mutants, no such
decrease was observed; 48.4% (n = 31) of irradiated germlines
showed SC disassembly at late pachytene at 2 hr and 51.3%
(n = 39) at 4 hr (Figure 4D), suggesting that SC disassembly
and H2AacK5 loss from axes coordinately persist in the absence
of ATM-1-mediated repair of exogenous DSBs.
Axis Separation Correlates with Noncrossover
HR Repair Pathways
In C. elegans the majority of meiotic DSBs are preferentially re-
paired using the interhomolog pathway to give rise to CO or
NCO products (Adamo et al., 2008; Bickel et al., 2010).
Crossing-over requires the highly conserved MSH-4/HIM-14
and MSH-5 repair proteins, and mutants in these components
are competent for meiotic DSB repair and synapsis but fail to
convert early recombination intermediates into COs (Kelly
et al., 2000).msh-5(me23) null mutants exhibited a low but signif-
icant frequency of germlines with separated axes in nuclei
throughout the pachytene region (Figure 3B), suggesting that
loss of the CO pathway (or processing through NCO pathways)
correlates with separation of chromosome axes. Furthermore,
a 2-fold enhancement of the htp-3(vc75) axis separation pheno-
type was observed in htp-3; msh-5 double mutants in mid-
pachytene stage nuclei (59.2% and 23.6%, respectively; p <
0.001). These results suggest that NCO DNA repair pathways
require or trigger axis separation during meiotic DSB repair
and, conversely, that the presence of the CO pathway in htp-3
(vc75) mutants suppresses axis separation.
BRC-1 is essential for IR-induced DSB repair through inter-
sister recombination in C. elegans germlines, although it is
largely dispensable for the repair of meiotic DSBs (Adamo
et al., 2008), and we next examined the effect of the loss of the
BRC-1 pathway on the separated axes phenotype. Although
unirradiated brc-1(tm1145) deletion mutants show no statistical
difference in the number of germlines with nuclei exhibiting
axis separation in comparison to wild-types, >20% of the irradi-
ated brc-1 mutant germlines show nuclei with extensive axis
separation throughout the pachytene region (Figure 3C). These
results suggest that axis separation persists in cases where
repair of excess IR-induced DSBs through intersister recombi-
nation is blocked and is consistent with the interpretation that
axis separation precedes sister chromatid HR. Furthermore,
htp-3(vc75); brc-1 double mutants exhibited a significant
increase in the number of germlines exhibiting axis separation
in late pachytene in comparison to htp-3(vc75) mutants alone
(59.6% versus 31.9%; p = 0.003; Figure 3B), suggesting that
loss of BRC-1-dependent HR with sister chromatids enhances
the htp-3(vc75) axis separation phenotype.
HTP-3vc75 Partially Suppresses Accumulation
of RAD-51-Marked Recombination Intermediates
in him-14/msh4 and syp-1 Mutants
Previous studies have shown that in achiasmate him-14/msh-4
mutants and in asynaptic syp-1 mutants, early recombination
intermediates marked by the strand exchange protein RAD-51
accumulate at mid and late pachytene stages in comparison topmental Cell 20, 353–363, March 15, 2011 ª2011 Elsevier Inc. 359
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Figure 6. htp-3(vc75) Partially Rescues RAD-51 Foci Accumulation
Associated with Loss of the CO Pathway
Pie graphs showing quantification of the number of RAD-51 foci per nucleus in
the indicated genotypes. Statistical significance of RAD-51 distribution was
tested using the Mann-Whitney U test.
(A) Nuclei of mid and late pachytene regions of wild-type and htp-3(vc75)
mutant germlines show no differences in RAD-51 distribution (p = 0.32).
(B) Mutants defective for crossing-over (him-14) or synapsis (syp-1) exhibit
an accumulation of RAD-51 foci in mid or late-pachytene stage nuclei that
is partially suppressed by htp-3(vc75). Distribution of RAD-51 foci in him-14
and htp-3(vc75); him-14 mutant germlines was significantly different in mid-
pachytene region nuclei (shown), but not in late pachytene nuclei (p > 0.5).
Distribution of RAD-51 foci in syp-1 and htp-3(vc75); syp-1 mutant germlines
was significantly different in late pachytene (shown) and less so in mid-
pachytene stage nuclei (p = 0.035). The number of nuclei scored in each
genotype at the indicated stage of pachytene is as follows: WT (mid), 195;
WT (late), 124; him-14 (mid), 156; him-14 (late), 155; htp-3(vc75) (mid), 126;
htp-3(vc75) (late), 108; him-14; htp-3(vc75) (mid), 108; and him-14; htp-3
(vc75) (late), 100.
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htp-3(vc75) affects RAD-51 foci disappearance in these cases
where the interhomolog pathway is compromised or abrogated,
RAD-51-marked recombination intermediates were scored in
these mutants in the presence of HTP-3vc75. The germlines of
htp-3(vc75); him-14 double mutants showed a significant
decrease in RAD-51 accumulation in comparison to him-14
single mutants in mid (p < 0.001) and late (p = 0.05) pachytene
stages (Figure 6), and a similar rescue of RAD-51 accumulation
was observed in htp-3(vc75); syp-1 mutants in comparison to
syp-1 controls in both mid (p = 0.035) and late (p = 0.002) pachy-
tene stages (Figure 6). These observations indicate that HTP-
3vc75 can partially suppress RAD-51 foci accumulation in cases360 Developmental Cell 20, 353–363, March 15, 2011 ª2011 Elsevierwhere the favored interhomolog pathway of meiotic DSB repair
is disrupted.
DISCUSSION
DNA Damage in Meiosis Induces SC Disassembly
and Axis Separation
The SC is a structural hallmark of the pachytene stage of meiosis
that has been universally linked to fostering the formation of CO
products of recombination. In this study we show that the SC is
a dynamic structure that can be disassembled in response to the
presence of exogenous DNA damage in late pachytene window,
leading to separation of chromosome axes. Because pachytene
exit is also marked by loss of SC central region proteins, we
considered the possibility that IR-induced SC disassembly
corresponds to precocious desynapsis; however, several lines
of evidence argue against this interpretation: (1) SC disassembly
is nucleus autonomous and does not exclusively appear in very
late pachytene nuclei or nuclei transitioning to diplotene; (2) SC
disassembly is chromosome autonomous and can be mani-
fested at a local or global level; (3) chromosomes undergoing
SC disassembly do not undergo diplotene-like chromatin
condensation (Nabeshima et al., 2005); and (4) wild-types exhibit
evidence of SC reassembly at 4 hr post-IR. In conjunction with
the observation that SC disassembly can occur in early and
mid-pachytene stage nuclei in htp-3(vc75)mutants, these results
are consistent with the interpretation that SC disassembly and
axis separation in response to DNA damage at late pachytene
or HTP-3vc75 at chromosome axes are cytologically visible mani-
festations of a meiosis-specific DDR.
What is the function of controlled SC disassembly and axis
separation? Our results collectively demonstrate that axis sepa-
ration is enhanced in backgrounds defective in DSB repair,
including irradiated atm-1 and mre-11 mutants, suggesting
a functional link between the two processes. Furthermore, irradi-
ated brc-1 mutants defective in intersister HR (Adamo et al.,
2008) exhibit high levels of germlines with axis separation in
nuclei throughout pachytene stages, and loss of brc-1 enhances
the axis separation observed in htp-3(vc75)mutants, suggesting
that axis separation is a prerequisite to intersister recombination.
The observation that htp-3(vc75) can partially suppress the
accumulation of RAD-51 foci at late pachytene stages in him-
14 and syp-1 mutants in which interhomolog recombination is
defective can also be interpreted as licensing of intersister
recombination; however, we cannot exclude the possibility that
meiotic DSB formation is reduced in these genetic contexts.
DNA Damage in Meiosis Induces Removal
of Axis-Specific H2AacK5
The localization of H2A/BacK5 duringmeiosis provides evidence
that chromatin is specifically configured at chromosome axes in
C. elegans. These histone PTMs differ from the methylated
histones associated with axes in mammal spermatocytes (Her-
nandez-Hernandez et al., 2009) thatwe instead observed associ-
atedwith bulk chromatin (H3me3K27); however, little information
exists on the acquisition or function ofH2AacK5 in other systems.
Our analysis of H2AacK5 localization in irradiated wild-type
germlines revealed that this mark is reversibly removed from
axis-localized chromatin in a specific temporal window followingInc.
Figure 7. The Meiotic DDR
A single pair of synapsed homologs is shown for simplicity;
at the onset of meiosis, H2AacK5 (red triangles) and
possibly other chromatinmarks are acquired by chromatin
associated with the meiotic chromosome axes in an
HTP-3-dependent manner (blue ovals). During early and
mid pachytene, meiotic and IR-induced DSBs are repaired
(green arrows) using the interhomolog pathway. At late
pachytene stages, the mode of DSB repair changes to
favor rapid repair with the sister chromatid; however, the
presence of SC (yellow rectangles) still permits homolog-
based repair. Following DNA damage MYS-1-dependent
chromatin remodeling at the axes results in SC disassembly, axis separation, and loss of the interhomolog pathway of DNA repair. Once the damage has
been repaired via ATM-1-dependent pathways, chromatin is again remodelled to its pre-irradiated state, and chromosomes can resynapse.
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accompanied by a detectable increase of thismark at other chro-
mosomal locations, suggesting that H2AacK5 may be replaced
by unmodified histones or their histone variants. In a screen for
DNA damage-responsive histone PTMs in human cells, Tjeertes
et al. (2009) identified H3acK9 and H3acK56 as PTMs that were
rapidly and reversibly reduced specifically following DNA
damage. The time frame documented for these DNA damage-
induced changes in mammalian cells correlates well with our
data for H2AacK5 in C. elegans meiotic cells, suggesting that
certain histoneacetylation events are responsive toDNAdamage
in the nematode as they are in mammalian cells and that
H2AacK5 represents a previously unknown responsive mark.
Chromatin Modification at Axes and Axis Separation
Are the Earliest Responses to DNA Damage
In vertebrates, DNA damage results in the sequential acetylation
of H2AX at K5, its ubiquitination, and its release from damaged
chromatin through TIP60 and UBC13 activity (Ikura et al.,
2007). Although TIP60 also can also acetylate the conserved
K5 of core H2A in vitro (Kimura and Horikoshi, 1998), our results
indicate that MYS-1/TIP60 is dispensable for the acquisition of
this mark at chromosome axes during meiotic chromosome
morphogenesis and that another HAT is required for this event.
However, following IR, mys-1 is required for the reduction of
H2AacK5 from the axes of late-pachytene stage nuclei, suggest-
ing that this remodeling requires an unknown MYS-1-mediated
acetylation event, or a chromatin remodeling activity dependent
on the multisubunit complex that includes MYS-1. Furthermore,
irradiated mys-1 mutants also failed to show separated axes at
late pachytene, indicating that this aspect of the meiotic DDR
requires MYS-1-mediated events. The failure to both reduce
H2AacK5 and to separate axes following IR of mys-1 mutants
suggests that the two processes are functionally linked, an inter-
pretation that is consistent with the observation that unirradiated
htp-3(vc75) mutant germlines show reduced levels of H2AacK5
that is accompanied by spontaneous axis separation. Although
the initiating event is unknown, we favor the model that DNA
damage in the form of DSBs triggersmys-1-dependent remodel-
ing of chromatin at axes that is incompatible with synapsis,
leading to axis separation. Because atm-1 mutants are compe-
tent for both H2AacK5 reduction and axis separation following
IR, our results demonstrate that these responses are indepen-
dent of ATM-1 checkpoint kinase signaling and are the earliest
known events during the meiotic DDR in the nematode.DeveloRestoration of H2AacK5 and Resynapsis following
IR Require ATM-1
Although ATM-1 is dispensable for H2AcK5 reduction and axis
separation following IR, we find that it is required for subsequent
reestablishment of H2AacK5 levels at chromosome axes.
Furthermore, atm-1 mutants exhibit persistently high levels of
germlines with separated axes 4 hr post-IR, in contrast to wild-
types in which the frequency is decreased 3.5-fold, suggesting
that chromosomes resynapse in late-stage pachytene nuclei
following ATM-1-dependent functions. The continued associa-
tion of HIM-3, an axis component essential for synapsis (Zetka
et al., 1999), with separated chromosome axes may function to
facilitate resynapsis once DNA repair has been completed. The
fact that ATM-1 is required for repair of IR-induced DNA damage
(Boulton et al., 2002) suggests that ATM-1-mediated HR repair
correlates with reestablishment of pre-IR conditions (restoration
of H2AacK5, resynapsis); however, ATM-1 may also have
additional roles in chromatin remodeling independent of its
well-established functions in DSB repair.
A Meiotic DDR
In this study we demonstrate that HTP-3 is essential for the
configuration of chromatin associated with the meiotic chromo-
some axis because its presence is required for the acquisition
of twohistonePTMs in axis-localized chromatin. Becauseat least
one of these PTMs is DNA damage responsive, we favor the
model that HTP-3 establishes a chromatin architecture atmeiotic
chromosome axes that functions in a meiotic DDR at late pachy-
tene stages that includes MYS-1/TIP60-dependent chromatin
remodeling andSCdisassembly, andATM-1-dependent restora-
tion to thepre-irradiatedstate (Figure7).Wepropose thatMYS-1-
dependent reduction of H2AacK5 (and possibly other related
chromatin changes) triggersdisassemblyof structurespromoting
interhomologDNA repair (i.e., SC), events that areamanifestation
of licensingof homolog-independent andpresumably sister chro-
matid-based repair pathways that are normally suppressed
during meiotic prophase. Following ATM-1-dependent DNA
repair, H2AacK5 levels are restored, and SC can be reassembled
between the twoaxes; resynapsismaybe required to facilitate the
bivalent remodeling required for controlled loss of sister chro-
matid cohesion at the meiotic divisions in the nematode (Marti-
nez-Perez et al., 2008). Furthermore, our previous analysis of
HTP-3 function in meiosis demonstrated an essential role for
the protein in programmed meiotic DSB formation that is inde-
pendent of its localization to chromosome axes (Goodyer et al.,pmental Cell 20, 353–363, March 15, 2011 ª2011 Elsevier Inc. 361
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uration of chromatin that is required for all known aspects of
meiotic chromosome function: recruitment of the meiotic DSB-
catalyzing complex, axis morphogenesis, SC assembly, and
aDNAdamage-responsiveconfiguration. Finally, our results raise
the prospect that meiotic chromosomes are configured to be
structurally responsive to DNA damage to ensure the transmis-
sion of an intact genome to the next generation.
EXPERIMENTAL PROCEDURES
Genetics
C. elegans strains were cultured following the methods described by Brenner
(1974); experiments were conducted at 20C using Bristol (N2) strain as wild-
type. Mutant strains were provided by the Caenorhabditis Genetics Center or
the C. elegans Gene Knockout Consortium. The following mutations and
rearrangements were used (linkage group): atm-1(gk186)I, brc-1(tm1145)III,
him-14(it21)/mnC1[dpy-10(e128)unc-52(e444])II, htp-3(vc75)I, htp-3(tm3655)
I/hT2[bli-4(e937)let-?(q782)qIs48](I,III),mre-11(ok179)IV/nT1[unc-?(n754)let-?]
(IV;V), msh-5(me23)IV/nT1[unc-?(n754)let-?qIs50](IV;V), msh-5(me23)IV/nT1
[unc-?(n754)let-?qIs50](IV;V), mys-1(n4075)V/nT1[qIs51](IV;V), rec-8(ok978)
IV/nT1[qIs51](IV;V), spo-11(ok79)IV/nT1[unc-?(n754)let-?](IV;V), and syp-1
(me17)V/nT1[unc-?(n754)let-?qIs50](IV;V).
Gamma IR and Measurement of Germline Apoptosis
Young adult hermaphrodites (20–24 hr post-L4 stage) were exposed to 75 Gy
on NGM plates with food (Brenner, 1974), using a Cs137 source. Dissected
gonads were fixed 2 or 4 hr post-IR, and the temperature was kept to 20C
for themaximum period during transfer and recovery of theworms. The check-
point-induced apoptosis in germlines was quantified using acridine orange
staining as by Couteau et al. (2004).
Immunocytological Preparations
Stainings were performed as by Goodyer et al. (2008), except when preparing
slides for scoring the frequency of appearance of the axis separation pheno-
type in germlines; in this case, fixation time was increased to 10 min. Primary
antibodies for immunocytochemistry were used in the following dilutions: puri-
fied guinea-pig and rabbit anti-HTP-3 (1:500; Goodyer et al. [2008]); purified
rabbit anti-RAD-51 (1:200; Colaia´covo et al. [2003]); guinea pig anti-SYP-1
serum (1:800; MacQueen et al. [2002]); purified rabbit anti-HIM-3 (1:200; Zetka
et al. [1999]); mouse monoclonal anti-REC-8 (1:200; Abcam) and rabbit anti-
H4K5ac (1:500; Abcam); and rabbit anti-H2AacK5, anti-H2BacK5, anti-
H3acK9, anti-H3me(3)K9, and anti-H3meK27 (all 1:500; Cell Signaling).
Secondary antibodies (Molecular Probes) were used at the following dilutions:
Alexa Fluor 488 anti-rabbit (1:500), Alexa Fluor 555 anti-guinea pig (1:500), and
Cy-3 anti-mouse (1:200).
RNA Interference
Exon 4 of themys-1 gene was PCR amplified by using T7 promoter-containing
primers and in vitro transcribed using T7 RNA polymerase (Ambion). Staged
adult hermaphrodites (20–22 hr post-L4) were injected with the corresponding
mys-1 dsRNA (2 mg/ml) (Fire et al., 1998); injected worms were dissected, fixed,
andstainedasdescribedaboveat 70hrpostinjection.RNAibysoakingwasalso
performed;L1 larvaeweresoaked inmys-1dsRNA (5mg/ml) (Tabara et al., 1998),
allowed to develop to adulthood, and processed as described above.
Separated Axis Quantification
All quantification of axis separation was performed on specimens processed
under identical conditions, as described in the previous section, using the
same aliquot of purified guinea pig anti-HTP-3. Axis separation was also
detectable with our rabbit anti-HTP-3, but less background was observed
with the guinea pig-derived reagent. Only germlines stained throughout all
stages were considered for scoring. The pachytene region of the germline,
from the exit of transition zone (marked by DAPI-stained crescent-shape
nuclei) to the beginning of diplotene (marked by condensation of chromo-
somes), was visually separated into three approximately equivalent subre-362 Developmental Cell 20, 353–363, March 15, 2011 ª2011 Elseviergions, thus defining early, mid, and late pachytene. Each zone was considered
positive for axis separation if at least four nuclei exhibited the phenotype,
a cutoff chosen at the onset of the study to address the possibility of staining
artifacts. In fact this cutoff was rarely used to discern negative from positive
germlines, and we observed that the number of positive nuclei always posi-
tively correlated with the number of positive germlines; in cases where the
number of positive germlines is high, the majority of nuclei showed axis sepa-
ration. The frequencies of germlines showing axis separation were binned into
three categories to facilitate a visualization of statistical differences: all results
falling into two different categories represent significant different levels of axis
separation when tested by Fisher’s exact test (p < 0.05, two-tailed p value and
95% confidence intervals) using InStat 3 software (GraphPad).
Image Acquisition, RAD-51 Scoring, and Colocalization
Quantification
All imageswere acquired and deconvolved using a DeltaVision Image Restora-
tion System (Applied Precision). Data were collected as series of optical
sections in increments of 0.2 mm covering the entire thickness of one layer of
nuclei. For images of separated axes, acquisition of only one or two sections
in the region of axis separation was found to result in accurate rendition.
Scoring of RAD-51 foci was performed as by Couteau and Zetka (2005), by
examination of each single nucleus through its volume; nucleiwere categorized
according to the number of RAD-51 foci that were quantified inside. For HTP-3
and histone staining, 20 optical sectionswere used as a projection of the image
or as a stack for scoring of Pearson’s colocalization coefficient. For the latter
analysis, softWoRx 3.0 image analysis software (Applied Precision) was used
to determine the colocalization score between the two wavelengths corre-
sponding to HTP-3 and histone signals in the volume of single nuclei, following
substraction of background fluorescence. Only optimally stained gonads as
evidenced by high and constant HTP-3 signal and low background were
used for analysis; at least four different gonads arising from at least two inde-
pendent IR experiments were scored. The statistical significance of both
RAD-51 foci distributions and HTP-3/H2AacK5 colocalization scores were as-
sessed by a Mann-Whitney U test using InStat 3 software (GraphPad).SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and can be found with this
article online at doi:10.1016/j.devcel.2011.01.015.
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